Tower structure is sensitive to hurricane and earthquake, and it is easy to generate large deflection and dynamic response. The multiple cardan gyroscope has two rotational degrees of freedom, which can generate strong moments to constrain the two horizontal orthogonal deflections if the rotor operates in high speeds, so the structural dynamic responses can be decreased. Hence, the method of dynamic control of the tower structure under wind load and earthquake action is proposed by using the multiple cardan gyroscopes as the dampers. The dynamic mechanism and the fixed axis principle of the multiple cardan gyroscope are introduced, and the dynamic equation of the gyroscope is established. The damping mechanism of the gyroscope is also described. For the tower structure equipped with the multiple cardan gyroscope dampers, the multidimensional control equation considering torsion effect is established, and the equivalent state space equation is presented. Taking a TV Tower with a number of gyroscope dampers as an analysis example, the structural dynamic responses and damping performance under fluctuating wind loads and earthquake action is studied. The results show that the multiple cardan gyroscope dampers with suitable parameters can effectively decrease the structural vibration in horizontal directions and torsional direction.
Introduction
Tower structure is a type of slender and lofty structure, whose altitude is much larger than its width, often by a significant margin. Since the cross section of tower structure is relatively smaller, the lateral load plays an important role on the structural dynamic responses [1, 2] . Because the form of tower structure is tall and beautiful, it is widely used in the field of communication facilities, power facilities, chemical engineering, and so forth. Compared with the common building structure, the horizontal stiffness of tower structure is weak, so it is sensitive to hurricane and earthquake, and it is easy to generate large static deflection and dynamic response [3] . Therefore, the research on the dynamic characteristics and vibration control of tower structure has been increasingly emphasized.
In order to realize the hazard protection of structure, the tower structures should have enough capacities to dissipate energy. The dynamic performance of the traditional tower is improved by enhancing the design parameter such as stiffness and ductility, but the structure designed by normal methods still has not enough ability during strong earthquakes. Therefore, the traditional design methods have been improved by new technology such as damping control or shock absorbers. There are various means to realize the structural damping control. As one of the most effective tool of passive structural vibration control technologies, seismic isolation enables the building structure to survive a potentially devastating seismic impact through isolation bearings with large damping and flexibility [4, 5] . Based on the mechanism of tuned vibration control, the tuned mass damper is usually installed on the top of the structure to reduce the amplitude of mechanical vibrations [6, 7] . In some frame building structures, the energy dissipation braces which connect the two consecutive layers of building and incorporating suitable devices are purposely designed to dissipate a large amount of energy [8] . With the same features and functions, the fluid viscous damper and the metallic damper are also used in various structures [9, 10] . 
Shock and Vibration
Due to the fact that the tower structure is prone to overturn if the isolation bearings are installed on the base, the seismic isolation technology is not the best option [11] . Because of the limited space, large dampers are not suitable for installation in the tower structure. The current devices mainly used in the vibration control of tower structures include viscous damper, tuned mass damper, and tuned liquid damper. The mechanism of these vibration reduction devices is definite, and it can achieve certain effect of vibration control through optimization analysis and standard production and installation. The tower structure vibration is mainly based on the first-order mode, so the optimal control position is usually on the top. However, the top location of the tower is flexible and internal space is limited, and the actual applicability of tuned damper is usually difficult to achieve owing to the huge volume of the damper [12] . To solve the above problems, it is necessary to be develop new type of the damping devices to effectively protect the safety of the tower structure in other ways.
Gyroscope is a kind of mechanical device to judge and keep directions, which is designed based on the theory of conservation of angular momentum [13] . The gyroscope is mainly composed of gyro rotor, rotation shaft, frame, and other accessories. When the gyro rotor on the axial center rotates at high speed, the inertia force and the resistance force will be produced, and the rotation axis of the gyro rotor points to a fixed direction, this property is known as fixed axis [13] [14] [15] . Gyroscope is widely applied in aerospace, microelectronics, and mechanical control, and the effect is notable, especially when the active control scheme is adopted [16] [17] [18] . If the gyroscopes are installed on the building structure, it is apparent that the gyroscopes will generate restoring force and flexural moment to keep the initial direction when the structures vibrate under external dynamic actions, and the gyroscopes play the role of damper and the control effect will be obvious if the gyro rotor rotates in higher speed.
Wang and Liu [19] have proposed the method of using the single degree of freedom gyroscope to control the structure random vibration, but this method is simple and cannot realize the multidirection vibration reduction. Moon et al. [20] have investigated the effectiveness of the gyroscope system for active seismic protection of flexible structures employing LQG control algorithms, and the simulation results show that gyroscope system has the possibility of reducing the vibration. However, only the simple building structure and active control is studied in above research, it is necessary to intensively study the performance of gyroscope damper for vibration reduction on tower structures or highrise structures, and the passive control effect should also be verified.
In view of the characteristics of the gyroscope and previous research results, multiple cardan gyroscope is introduced as a new damper to reduce the bidirectional horizontal vibration. When the structure is subjected to wind or strong earthquake, the internal rotor damper can rotate at high speed, the fixed axis gyro can provide the reverse moment to decrease the two horizontal deflection of the structure, so the overall damper will dissipate the external dynamic energy, and then the safety of the structure is improved. In this paper, the mechanics principle of the multiple cardan gyroscope, that is, gyroscope with two DOFs, is introduced, and the dynamic control equations of the structure with the multiple cardan gyroscopes are established. The vibration reduction effect of the multiple cardan gyroscope damper on tower structure is studied. The results show that the reasonably arranged gyro dampers can effectively reduce the horizontal and torsional responses of the tower structure when it is subjected to wind and earthquake.
Gimbal Gyroscope Mechanics and Gyroscope Damper
The multiple cardan gyroscope mainly comprises a gimbal bracket and a rotor, as shown in Figure 1 . The gimbal bracket is composed of an outer ring and an inner ring, and it is the mechanical device used for supporting the gyroscope rotor. The outer ring is installed on the supporter or the structure, and the inner ring is installed on the outer ring, and the rotor or other supporting bodies are arranged on the inner ring.
The rotary axis of the outer ring, the inner ring, and the rotor is delivered at a point O, namely, the center of the gimbal bracket support. The outer ring, inner ring, and rotor around their axis of rotation angle , , and are cardan angle, and the outer ring, inner ring, and the rotor are, respectively, the physical coordinate systems 1 , 2 , and 3 . The 2 is usually called the LecA coordinate system. It is the principal axis of the inner ring and the axis symmetric rotor but does not participate in the high-speed rotation of the rotor; therefore, 2 is often used as the reference coordinate system on the dynamic calculation. From the above basic knowledge, it is clear that the two-degree-of-freedom gyroscope mainly consists of three rigid bodies. The first one is the external ring with onerotational-degree-of-freedom, the motion can be represented by a generalized angle coordinate which rotates around the outer ring. The second rigid body is the internal ring with two rotational degrees of freedom, and its movement can be described by two generalized coordinates which rotate around the external ring axis and the internal ring axis, respectively. The third rigid body is the rotor with threerotational-degree-of-freedom, the corresponding motion can be represented by three generalized coordinates that rotates around the rotation axis, external ring axis, and the internal ring axis, respectively.
According to the property of fixed axis, a multiple cardan gyroscope can be used as a damper to control the structural deflection and dissipate energy. Thus, the cardan gyroscope damper consists of a gyro outer ring which can rotate around the horizontal axis of structure and a gyro inner ring rotates around the horizontal axis which is orthogonal to the abovementioned horizontal axis, the gyro rotor which rotates by the electric power and the electric motor. There are one internal ring and one external ring, so the gyroscope in the damper has two rotational degrees of freedom. Hence, the gyro device can rotate in a certain angular velocity steadily under dynamic action, trying to keep its axis relative to the inertial space azimuth invariant properties, and the resistance moment can be generated in order to counteract the two types of horizontal displacement, which can decrease the structural horizontal displacement or deflection. The construction diagram of the cardan gyroscope damper is shown in Figure 1 .
In order to investigate the effectiveness of the gyroscope damper in the vibration reduction, the dynamic equation should be established and the dynamic analysis can be carried out. In view of this demand, the gyroscope mechanics are firstly introduced and discussed.
For a multiple cardan gyroscope, the inertial reference system is set as 0 , and the principal axis coordinate system of the outer ring, the inner ring, and the rotor is set as 1 , 2 , and 3 , respectively; then the rotary shafts of the outer ring, the inner ring, and the rotor are expressed as 2 . The axis principal inertia moment of each component relative to the support center is as follows: for the outer ring it is 1 , 1 , and 1 ; for the inner ring it is 2 , 2 , and 2 ; for the rotor it is 3 , 3 , and 3 .
As shown in Figure 2 , the resultant moment relative to point O on each component is as follows: for the outer ring, the value is 1 + 1 − 3 ; for the inner ring, the value is 2 + 2 − 2 ; for the rotor, the value is 3 + 3 .
According to the moment of momentum theorem, the dynamic equations when the rotor, the inner ring-rotor, and the outer ring-inner ring-rotor rotate around the rotary axis of the rotor, the inner ring, and the outer ring, respectively, are given by
where 1 ( = 1, 2, 3) and 1 ( = 1, 2, 3) are the projection of 1 and 1 on 1 , and 2 , 3 , 2 , and 3 are the projection of 2 , 3 , 2 , and 3 on 2 , respectively. After the termination of the rotor drive, there are two kinds of steady-state motion, which are, respectively, corresponding to the two different constraint conditions of the driving motor, namely, the ideal constraint and the constant speed constraint. The driving moment of the former is balanced with the damping torque and the resultant force moment is zero; the latter maintains a constant speed of the rotor relative to the inner ring.
For the ideal constraint condition, the right item of (1) is zero, so the new equation can be obtained by the first integral method aṡ+̇s
in which the integral constant 0 is the steady value of the absolute speed of the rotor.
Substituting (4) into (2) and (3), the steady-state motion equation can be derived as follows:
where For constant speed constraints, a similar result can also be got, only the definition of K is modified as
Due to the stability of the high-speed rotating gyroscope, the rotational angular velocity of the universal may be written as
If the deflection angle of outer ring and the deflection angle of the inner ring keep in a stable position 0 and 0 , respectively, and the deviation values and the derivatives higher than the second can be ignored, (7) and (8) can be changed into a linear equation group
−̇= 2 (10) in which and are defined as = 1 + 2 + 3 + sin 2 0 and = 0 cos 0 . If the rotor speed is very high and the moment of force changes slowly, the two-order derivatives̈and̈can be omitted and (9) and (10) can be simplified as a first-order linear differential equation.
For the actual gyroscope damper, the principal moments of inertia of the outer ring, the inner ring, and the rotor which rotate the coordinate system of the base -, -, and -axis are, respectively, 0 , 0 , 0 , 1 , 1 , 1 , , , and . When the rotor rotates with absolute high speed 0 , the gyro angular momentum constant 0 = 0 , which means the rotor steady-state value of absolute angular momentum. Set and as the corner of outer frame and internal frame, according to the theory of moment of momentum, based on (9) and (10), the steady-state dynamic equation of gyroscope under ideal constraints is
When the outer frame and inner framework rotate at a certain rotating angular velocity, (11) and (12) can be simplified as
According to the above derivation and the characteristic of motion equations, it is clear that greater moment will be produced by increasing the rotational speed and the moments of inertia of the inner ring and the outer ring. If the rotational speeds of the outer ring and the inner ring increase, the effective resistance moment will increase and the displacement is reduced more dramatically according to the property of fixed axis of gyroscope. As the moments of inertia of the rings are related to the mass and the radius of gyration, the damping effect can be effectively enhanced if the mass and the radius of gyration increase. Since the radius of gyration is not easy to set to a larger value, the actual optimum values for control effect mainly include the rotational speed and the mass of the outer ring and the inner ring. The fixed axial moment provides the external force for structure to rebound to the initial equilibrium state and reduce the structural deformation. In addition, in the case of the total mass is constant, the torque value can be significantly enhanced only by increasing the gyro plane size or the rotation speed. Hence, the gyro damper is particularly suitable for installing on the top of the tower structure since it has larger outer space.
Dynamic Model of Structure with Gyroscope Dampers
In order to study the damping effect of the structure equipped with multiple cardan gyroscopes, the actual tower structure can be equivalent to a multidegree-of-freedom system with multiple lumped mass. It assumes that the gyro dampers are installed on the multipositions of the tower structure which has n equivalent lumped mass and the motion in two horizontal directions and around the vertical axis can be controlled. The dynamic equation of the structure system under multidimensional earthquake is given by
in which, M, C, and K are the global mass matrix, the global damping matrix, and the global stiffness matrix of the dynamic system, respectively, and the dimension of all the matrix is all 3 × 3 . U = [U , U , U ] = { 1 , . . . , , 1 , . . . , , 1 , . . . , } , which is the displacement vector of the 3D structure system. , , and represent one horizontal direction and the other orthogonal horizontal directions and the vertical direction.
, which is the dynamic loading or acceleration excitation. F( ) = {0, . . . , ( ), 0, . . . , ( ), 0, . . . , 0} , which is the equivalent concentrated force of the moment of the multiple cardan gyroscopes, and the applied positions are the same as the locations of the gyro dampers.
Because the coupling damping matrix of the tower structure and the gyro dampers is not orthogonal, and it belongs to the nonclassical damping, so (13) cannot be decoupled directly by the real modal transformation method and the time history analysis cannot be carried out. To solve the above problems, the state space method can be adopted and the higher order ordinary differential equation of the 
Expressing X = {UU} and {Y} = {UÜ} as the state vector of the system, then (14) can be rewritten as the state space equations as the following form:
where A = [
In accordance with this method, after obtaining the acceleration excitation vector, the coupling dynamic response of the tower structure and the gyroscope dampers can be obtained by solving the system space state equation.
In addition, it is necessary to point out that the torsional wave of the ground motion should be used in (17) , but only the horizontal components and the vertical component can be obtained in traditional ground motion database. The following method can be used to transform the existing translational ground motions into torsional component [21, 22] , and the specific procedure is as follows: (1) decompose the earthquake translational acceleration waves into two plane motions 1 ( ) and 2 ( ) and one vertical movement 3 ( ); (2) fast Fourier transform is applied to 3 ( ) and 2 ( ) which obtain the Fourier spectrum of 3 ( ) and 2 ( ); for the given apparent wave velocity , the Fourier spectrum of the rotational components Φ 2 ( )和 Φ 3 ( ) can be calculated according to Φ 3 ( ) = 2 ( )/2 and Φ 2 ( ) = − 3 ( )/ ; (3) the inverse Fourier transform is performed on Φ 2 ( ) and Φ 3 ( ); then the acceleration waves of rotational components are obtained by selecting the real parts. The apparent velocity value can be determined according to the following formula:
= V/ sin , where V is the body wave propagation velocity and the incident angle is the incident angle of the seismic wave on the ground surface. Taking into account that is random variables, the value can be determined according to the statistical average of related seismic records by the harmonic method in the frequency domain.
Numerical Example
To verify the multidimensional vibration damping effect of the tower structure with multiple cardan gyroscopes, a steel structure TV Tower is chosen as an analysis example. As shown in Figure 3 , the total height of the television tower is 168 m, and the main body of the tower is Pentagon space truss structure. The tower body includes the parts of the antenna section, the tower body, and the turret. The site type is soft rock and the seismic fortification intensity is 7.0. The landform of wind environment around the steel tower is the Because there are numerous elements and joints on the TV Tower, it is complex to establish the full entity model and carry out time analysis, the system is simplified by the whole truss method which considers the structural joints as hinged joints, and the weight of each element is condensed at the corresponding joints. Then the structural system is analyzed in the space coordinate system so as to accurately represent the mechanics characteristics of the steel tower. Finally, the TV Tower is simplified as a bending shear structure with multidegree of freedom and there are 43 lumped mass nodes. The first 4 order natural periods of the calculated structure are 1.96 s, 0.95 s, 0.38 s, and 0.25 s, respectively.
If the tower structure is subjected to wind load, it is assumed that the dynamic response of the tower is mainly caused by the crosswind vibration; therefore, the dynamic control in both horizontal directions under cross wind load is studied. In the simulation of fluctuating wind speed, the most widely used Davenport spectrum is selected as the standard spectrum. Considering the vertical correlation, the harmonic superposition method is used to simulate the speed history of fluctuating wind, and the wind pressure of the joints at different height can be converted according to the actual structural frontal areas. The typical velocity histories of fluctuating wind in different locations are shown in Figure 4 , and the corresponding wind force histories of different sections are shown in Figure 5 . The results show that the simulation data can represent the random characteristics of wind.
The multiple cardan gyroscope dampers are installed in different parts of the tower; the installation position and the elevation are shown in Figure 3 . In the same elevation, the dampers are arranged evenly and symmetrically. In Figure 3 , the first item in the square bracket is the number of dampers in the equivalent horizontal direction, and the second item is the diameter of the rotor in each damper. The vertical thickness of the rotor can be smaller so as to save space, and the value is set as 0.1 m in this study. The mass of each multiple cardan gyroscope damper is 100 kg. According to (13) and (14), the rotation speed of the inner ring and the outer ring significantly influence the control moment of the gyroscope. Limited to actual conditions, the rotation speed of the outer ring is restricted to 0.20 rad/s and the control effect of the tower turret with different rotation speeds of the inner ring is analyzed, and the results are in Figure 6 . It is obvious that the dynamic responses can be more significantly reduced with the speedup of rotor. Therefore, the structure control is realized by controlling the rotation speed of the inner ring.
According to the actual electric force provided by the power, it is assumed that each gyro rotor speed around the inner ring and the outer ring is 100 rad/s and 0.20 rad/s, respectively, driven by the synchronous motor. According to (17) , the coupling dynamic equation is established, and the wind loads are used as the input to calculate the multidimensional dynamic responses of the TV Tower before and after the installation of the gyro dampers, and the damping effect is analyzed. Taking into account that there are constraint components in the transverse direction on the TV Tower, the transmission range of the moment provided by the gyro dampers is limited, so the length of the equivalent mass section installed with dampers is assumed as the effective arm of the gyro moment.
The comparison results of the dynamic responses of the turret (the height is 100.10 m) and the tower top (the height is 157.50 m) are shown in Figures 7 and 8 , respectively. It can be seen that the structural displacement and acceleration are all reduced to a certain extent after the installation of gyro dampers, and the damping effect of the gyro dampers is preeminent. The acceleration power spectral density of the tower turret and the tower top is shown in Figure 9 . It can be seen that the amplitude of all the frequencies is reduced, so the system is stable for frequency control.
The contrast results of the global displacement before and after control are shown in Figure 10 ; it is evident that gyro dampers can effectively decrease the structural displacement under wind load, especially the top displacement of the tower.
Compared with the effect of wind load, the damping effect of the tower structure under earthquake deserves more attention. Considering the site condition and geological circumstances, El Centro waves are used as the ground motion input because these ground motion records were collected from hard soil and the predominant periods are close to the structural periods. The maximum acceleration amplitude of El Centro wave is 3.417 m/s 2 . The rotational wave is computed according to the transformation method, as mentioned above. The corresponding excitations in different directions are shown in Figure 11 .
It is assumed that each gyro rotor speed around the inner circle and the outer circle is 120 rad/s and 0.30 rad/s, respectively, driven by the synchronous motor. The multidimensional seismic responses and the damping effect of the TV Tower with the multiple cardan gyroscope dampers are calculated. When the structure is subjected to El Centro waves, the typical acceleration and displacement of the tower turret in direction and direction are shown in Figures 12 and 13 , respectively. The corresponding results of the tower top are shown in Figures 14 and 15 , respectively.
The acceleration power spectral density of the tower turret and tower top is shown in Figures 16 and 17 , respectively. It can be seen that the amplitude of all the vast majority of frequencies is reduced, so the system is also stable for frequency control under earthquake.
The torsional response of the tower top under earthquake is shown in Figure 18 . It can be seen that the structural responses including displacement, acceleration, and torsion angle are all reduced to some extent, so the control strategy using multiple cardan gyroscope dampers is feasible and effective.
Due to the fact that high frequency components of the ground motion are rich and the speed of the gyro rotor is fast, the acceleration of some parts of the structure such as tower turret will change dramatically and alternately if the dampers are installed. Nevertheless, this kind of mutation is instantaneous and the amplitude is small, and the global damping effect is acceptable.
The damping effect of the global displacement of the tower is shown in Figure 19 . All the above results shows that the gyroscope dampers can obviously reduce the dynamic responses of the tower structure under earthquake, if the dampers are evenly distributed in order to harmonize the overall deformation of the structure. 
Conclusion
In this study, the method of reducing the dynamic response of the tower structure under wind load and earthquake action is studied by using the multiple cardan gyroscopes as the dampers. The mechanism and the characteristics of the fixed axis of the multiple cardan gyroscope are described, and the dynamic equation of the gyroscope is established. The mechanism that the gyroscope damper controls the structural responses according to its mechanical characteristics is also described. The construction of the multiple cardan gyroscope damper is simple; it does not need large mass and strong stiffness and does not occupy too much internal space in the structure. A multidimensional control dynamic equation considering the effect of torsion is established, and the corresponding state space equation is also established, so the nonclassical damping matrix can be decoupled. A steel tower is taken as an example, and the damping effect when the structure is subjected to wind load and earthquake action is studied. The dynamic simulation results verify that the moments provided by the multiple cardan gyroscopes can significantly decrease the structural dynamic responses, and the vibration in the horizontal directions and torsional direction is effectively controlled. Because the damping capacity of the gyroscope damper is mainly related to the rotating speed of rotor around the inner ring and the outer ring, the high power frequency conversion motor is required to realize the control effect of the large tower structure, so it is necessary to research and develop powerful electrical equipment. In addition, the optimal placement position of the gyroscope dampers, the semiactive control strategy, and the optimal rotation speed of the rotor also need further studies.
